ABSTRACT Exogenous enzymes have been used extensively in the diets of poultry to improve productive performance. Further research, however, is needed to evaluate the efficacy of enzyme use and for the expansion of the use of enzymes to accommodate the wide array of dietary constituents used in poultry feeding programs. The use of effective phytase preparations to improve bird performance and to reduce environmental P pollution has shown less than optimum results, partly due to the potential negative effects of nontargeted dietary fiber components and to confounding influence of inadequate knowledge of accurate P requirements and the tendency for the use of excessive safety margins in diet formulation. Targeting specific nonstarch polysaccharides (NSP) of wheat, barley, or rye with enzyme preparations has proven effective for diets based on these cereals but not for corn-and soybean meal-based diets, primarily due to the differences in constituent NSP. The increased use of whole flaxseed in poultry diets represents an additional research area for effective enzyme development to alleviate potential negative effects of constituent NSP components. Such challenges of the enzyme development process and their outcomes are presented in this publication.
INTRODUCTION
In recent years there has been a concerted effort to improve the nutritive worth of feedstuffs by using exogenous enzymes. On the basis of many reports it may be concluded that the nutritional and, therefore, economic value of corn, soybean meal (SBM), and other ingredients commonly used in poultry diets in North America can be improved by the addition of appropriate preparations of phytase, carbohydrases, and other enzyme activities.
An increase in the productive value of diets with enzyme supplementation can be achieved by 1) release of P from phytate hydrolysis, 2) elimination of the nutrient encapsulating effect of the cell walls and therefore improved energy and amino acid availabilities, 3) solubilization of cell wall nonstarch polysaccharides (NSP) for more effective hindgut fermentation and improved overall energy utilization, 4) hydrolysis of certain types of carbohydrate-protein linkages and therefore improved availability of amino acids, and 5) elimination of the antinutritive properties of certain dietary NSP by their enzymatic hydrolysis to prebiotic type components which, in turn, may facilitate gut development and health in young chickens.
The objective of this paper is to review the literature on enzyme use in poultry diets and to document and discuss some misunderstandings and gaps as they may relate to enzyme use and enzyme efficacy. Data generated by my research group as well as data of others, published over the past 5 to 6 years in peer-reviewed journals, are used to clarify the mode of action of various enzymes and to document the enzyme-substrate relationship. Effort is made to explain any potential enzyme benefit (or lack of benefit) and to develop strategies for a more effective use of enzymes in poultry diets based on corn and SBM. Some consideration is given to enzyme use for high fiber diets containing flaxseed used for omega-3 fatty acids enhancement of egg and meat products.
PHYTATE P AND PHYTASE EFFICACY
The negative effects associated with phytic acid (PA) can be alleviated, in part, by the use of exogenous phytase. Results from several studies have shown increased P digestibility and utilization and, hence, reduced P excretion into the environment as a result of phytase addition to poultry diets (Applegate et al., 2003; Penn et al., 2004; Angel et al., 2006; Leytem et al., 2007) . However, the liberation of P from PA by phytase is far from complete and, based on several studies (Table 1) , averaged only 20% of phytate P present in poultry diets (i.e., 0.056 vs. 0.29%). Although it is generally accepted that the available P content of broiler chicken diets can be reduced by 0.1 percentage points or more with phytase supplementation, the phytate P digestibility values reported herein do not justify such a reduction.
From the data of studies 1 and 3 (Table 1) , it would appear that the degree of phytate P release is not directly related to the inclusion rate of exogenous phytase but is more likely a consequence of the fact that the phytate molecule is relatively inaccessible for hydrolysis. This could possibly be due to the formation of insoluble phytate-Ca complexes (Tamim et al., 2004) . It is believed that phytate hydrolysis takes place mainly in the forestomach (crop, proventriculus, gizzard) where the pH is more conducive to phytase action and the substrate phytate is more water soluble (Selle and Ravindran, 2007) . Therefore, the conditions and the digesta transit time in the upper gut are likely an important determinant of phytase efficacy.
Inability of dietary phytase to survive pelleting and storage temperatures are among other factors contributing to low efficacy of phytase application. Enzyme coating, granulation, or postpelleting applications have been proposed to counteract such effects. To address this issue, a study was conducted to determine the heat stability of a commercially available granulated product compared with the unprotected powder product (Slominski et al., 2007) . Two feed mills located in Western Canada were used in the study. As illustrated in Table 2 , the loss of phytase activity in both products was high, with the granulate product surviving the pelleting process only slightly better. It is of interest to note that the temperatures determined at the discharge of the pellet mill were not as high as those used in many feed mills in the United States.
In assessing phytase efficacy, consideration should be given to the large granule size of some phytase products (Table 3) , which may prevent the substrate phytate from being hydrolyzed effectively in a relatively short period of time in the critical compartments of the upper gut. This could be a consequence of uneven enzyme-substrate distribution within the feed matrix and subsequently in the digesta, which, in turn, could delay phytate P release. As shown in Table 3 , the large granule size of phytase B or C would require birds to consume approximately 5 g of feed to receive 1 particle or piece of enzyme product as opposed to less than 1 g of phytase A.
Means of Improving Phytase Efficacy Through NSP Hydrolysis
Dietary supplementation with NSP-degrading enzymes, which have the potential to improve the release of P from phytate by phytase, have been among means of improving phytase efficacy. Nonstarch polysaccharide-degrading enzymes have been shown to increase nutrient utilization in poultry by eliminating the nutrient encapsulating effect of cell walls and reducing digesta viscosity. Similarly, NSP enzymes may increase the efficacy of phytase by eliminating the phytate chelating effects of NSP (Kim et al., 2005) . This is because NSP have the capacity to bind multivalent cations (Debon and Tester, 2001) , which associate with phytate in both feedstuffs and in digesta. However, the information on the effect of adding NSP-degrading carbohydrases to phytase-supplemented diet on phytase efficacy is inconsistent. As illustrated in Table 4 , the addition of xylanase or xylanase in combination with amylase and protease had no effect on phytase efficacy as determined by the degree of apparent P digestibility. This could be attributable to the complexity of the constituent fiber and, more specifically, cell wall structure, which may require a more diversified cocktail of carbohydrases to be effective in NSP depolymerization. In a recent study (Woyengo et al., 2010) , the additive effect of supplementing a corn-SBM-based diet with phytase and a preparation of NSP-degrading enzymes (multicarbohydrase) was investigated to address the issue of NSP-fiber complexity. The diets included a positive control (PC), and a negative control (NC) without or with phytase (600 U/kg) alone or phytase plus a multicarbohydrase cocktail Superzyme OM (Canadian Bio-Systems Inc., Calgary, Alberta, Canada). As illustrated in Table 5 , birds fed the PC diet had higher BW gain and tibia ash content than those fed the NC diet. Phytase improved BW gain, which increased further for the phytase plus multicarbohydrase treatment. In contrast to phytase alone, phytase plus multicarbohydrase supplementation improved feed conversion ratio (FCR) in birds fed the NC diet. It is of interest to note that phytase improved ileal digestibility of P and the addition of multicarbohydrase to the phytase-supplemented diet further increased P digestibility to the level of the PC diet. Tibia ash content for the birds fed NC diet increased following phytase addition, but the addition of multicarbohydrase to the phytase-supplemented diet did not result in a significant further increase in tibia ash.
P Excretion with Phytase Supplementation and the Environment
Many authors have recently raised concern that the addition of phytase to broiler diets to reduce P excretion may actually be detrimental to the environment (i.e., accelerated growth of algae and aquatic vegetation) by increasing the solubility of P in the litter and subsequently increasing the runoff of P from land applications in situations when phytase is used without a proper reduction of nonphytate P (NPP) content of the diet McGrath et al., 2005) . This would be a consequence of dietary P overformulation as a result of 1) variability in NPP content of feed ingredients, 2) conservative NRC requirements for dietary P, and, consequently, 3) safety margins for available P content, which would contribute to inadequate P reduction with phytase supplementation. As an example, when using nutrient specification data from various sources (Hubbell, 1989; NRC, 1994; Ewing, 1997; IMC-Agrico, 2000; Leeson and Summers, 2005 ) the content of NPP (as-fed basis) ranges from 0.03 to 0.15% and 0.15 to 0.35% for corn and SBM, respectively. In a study by Manangi and Coon (2006) , analyzed values for NPP in 25 SBM samples collected from various sources within the United States ranged from 0.23 to 0.47%. Further- Table 3 . Effect of granulation on particle size and phytase distribution within the feed, assuming that all phytase products are added at 500 U/kg of diet 1 Indicates the amount of diet a bird must consume to receive 1 particle or piece of enzyme product. Table 5 . Effect of phytase alone or in combination with a multicarbohydrase enzyme on growth performance, apparent ileal digestible P, retained P, and tibia ash contents in broiler chickens fed corn-soybean meal-based diet from 1 to 21 d of age 1 (Woyengo et al., 2010) Means within a row with no common superscript differ significantly (P < 0.05).
ENZYMES IN POULTRY DIETS

Figure 1.
The effect of phytase supplementation on P retention in broiler chickens fed corn-soybean meal-based P-adequate positive control (PC) diet, P-deficient negative control (NC) diet, and NC diet supplemented with phytase. The numbers in parentheses refer to P retention data reported by 1) Cowieson et al. (2006) , 2) Elkhalil et al. (2007) , 3) Leytem et al. (2008) , and 4) Olukosi et al. (2008) . Table 6 . Effect of phytase supplementation on P retention and P excretion in broiler chickens fed corn-soybean meal-based Pdeficient negative control (NC) diet and NC diet supplemented with phytase Means within a row with no common superscript differ significantly (P < 0.05).
1 SBM = soybean meal; CM = canola meal; DDGS = dried distillers grains with solubles.
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Represents energy metabolizability (%). Waldroup et al. (2000) concluded that the NPP requirement for starter broilers should be 0.39% rather than the generally accepted value of 0.45%. These considerations regarding the relationship between dietary phytase supplementation and environmental P pollution are exemplified in the recent P retention data summarized in Figure 1 (Cowieson et al., 2006; Elkhalil et al., 2007; Leytem et al., 2008) . Regardless of the phytase activity level, the P retention values averaged 51% for the P-adequate positive control diet, 50% for the low-P negative control diet, and 60% for the phytase-supplemented negative control diet. When these data are expressed as actual P content of the diet (Table 6 ), the amount of dietary P retained by the body averaged 0.30 and 0.34% for the negative control and the phytase-supplemented diets, respectively, and the amount of P excreted averaged 0.26 and 0.22% for the negative control and the phytase-supplemented diets, respectively. Overall, the amounts of P excreted were still high, indicating that the available P specifications of feed ingredients and P requirements need to be more accurately defined, which, in turn, should allow for the use of more accurate available P values and less excessive safety margins in broiler diet formulations. This would minimize P excretion into the environment.
Effect of Phytase on Growth Performance and Nutrient Utilization
Although in many studies the addition of phytase to low-P diets has been shown to improve growth performance and nutrient utilization, its effect has been less pronounced or minimal when compared with the P-adequate control diets. As illustrated by the most recent studies (Table 7) , little effect of phytase supplementation on growth performance and on energy and amino acid utilization in broiler chickens was noted. In addition, lysine digestibility values determined in studies by Martinez-Amezcua et al. (2006) and Cowieson et al. (2006) showed no significant difference between the control and the phytase-supplemented diets.
Recently, promising results, as summarized in Table  8 , have been published on the efficacy of phytase in laying hen diets. When compared with the adequate P diets, phytase supplementation to low-P diets resulted in the same production performance. It is of interest to note that even at a very low dietary level of NPP in one study (Hughes et al., 2008) , the egg production remained similar and no statistically significant differences were observed. This is very encouraging given that P requirements for layers are not well established and that the high Ca content of laying hen diets has always been considered to have a negative effect on phytase efficacy. The use of mash diets that are not subject to heating could be a contributing factor in the positive results noted. Means within a row with no common superscript differ significantly (P < 0.05).
NSP AND NSP ENZYMES
Nonstarch polysaccharides, the major components of dietary fiber in traditional ingredients used in poultry diets, comprise cellulose and noncellulosic polysaccharides. In cereal grains, including corn, the noncellulosic polysaccharides consist of arabinoxylans and β-glucans whereas in soybean and canola meals arabinans, arabinogalactans, galactans, galactomannans, mannans, and pectic polysaccharides predominate. The water-soluble and viscous β-glucans and arabinoxylans present in barley, rye, and wheat interfere with the mixing of digestive enzymes and nutrients and impede digesta movement and transport of hydrolysis products to the intestinal mucosa. As a result, these effects may cause a decrease in animal performance (Graham and Aman, 1991) . In addition, management problems related to sticky droppings have been indicated to be directly associated with the high water-holding capacity of β-glucans and arabinoxylans. To counteract such antinutritional effects, many commercial preparations of β-glucanase and xylanase have been developed over the past 30 yr. In addition to viscosity reduction, the use of effective combinations of NSP-degrading enzymes could reduce the nutrient encapsulating effect of cell walls which, in turn, could result in an increase in protein, starch, and energy utilization.
Despite the fact that corn or SBM NSP do not pose a viscosity problem, and that an argument could be made for the use of a combination of very diversified carbohydrase activities to bring about effective cell wall degradation, studies have been conducted over the last few years to investigate the effect of the above-described conventional xylanase and glucanase preparations on growth performance of broiler chickens and turkeys fed corn-SBM diets. As summarized in Table 9 , very little improvement in weight gain and FCR was achieved following enzyme supplementation. Similar or no effect results have been reported for laying hens (Table 10) .
Enzymes Specific to Corn-SBM Diet
As corn and soybean dominate the feed market for both poultry and pigs, there is considerable interest in identifying situations in which enzyme addition to feeds based on these ingredients might be profitable. To date, little indication of success exists regarding the development of enzyme preparations specific to corn-SBM diets. As discussed above the use of conventional nonspecific enzyme preparations containing protease, amylase, and xylanase to target the two main nutrients of a corn-SBM diet and its NSP components has been unsuccessful.
A concerted effort is needed to develop enzyme preparations specific to corn-SBM diets. In this process various assumptions could be made including 1) watersoluble NSP of corn or SBM do not pose a viscosity problem, 2) starch is well, although not completely, digested, 3) oligosaccharides are present at relatively high quantities and could be more effectively utilized as an energy source, 4) the NSP fractions, including arabinoxylans, glucans, cellulose, mannans, galactomannans, and pectins may serve as energy sources and may have a positive effect on gut health, and 5) some glycoproteins of SBM meal may not be well utilized. et al. (2007) 1 No statistically significant differences were observed for any of the performance measures. Table 11 . Effect of multicarbohydrase supplementation on growth performance of broiler chickens fed corn and corn-soybean meal diets (5-18 d; Diet type BW gain (g/bird)
P-value
Feed conversion ratio (g of feed/g of gain) Means within a row with no common superscript differ significantly (P < 0.05). 1 Supplied per kilogram of diet: 300 U of cellulase, 600 U of pectinase, 40 U of mannanase, 20 U of galactanase, 600 U of xylanase, 100 U of glucanase, 6,000 U of amylase, and 600 U of protease.
2 A semipurified diet containing soy protein isolate in place of soybean meal. 3 Means of 10 replicate pens of 5 birds each.
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Studies have been carried out to target the NSP of corn and SBM. A significant NSP depolymerization was achieved in vitro using a combination of diversified carbohydrase activities . Consequently, an experiment was conducted to determine the NSP enzyme efficacy in broilers fed a semipurified corn diet and a corn-SBM diet (Table 11 ). Enzyme addition to the corn diet improved (P = 0.054) BW gain and significantly improved (P < 0.05) feed:gain ratio. In contrast, improvements in BW gain (P = 0.07) and feed:gain ratio (P = 0.08) were somewhat attenuated when NSP enzymes were included in the corn-SBM diet. This suggested that some of the nutrients in SBM-based diet remained unavailable compared with nutrients in the semipurified (isolated soy proteinbased) diet. Enzyme supplementation had a significant effect (P < 0.001) on total tract digestibility of NSP and AME n value but did not affect (P > 0.05) the total tract digestibility of starch (Table 12) . However, the addition of enzymes had a significant effect (P < 0.001) on ileal starch digestibility for the corn diet and protein digestibility for the corn-SBM diet. The present study demonstrated that starch digestibility, when measured by excreta collection, was high in birds fed corn diet but was lower when determined at the ileal level. This confirms that starch digestion is incomplete in the small intestine and is completed in the hindgut as a result of microbial fermentation. It may be concluded that measuring starch digestibility at the ileal level may better reflect the response from enzyme addition. It can also be concluded that the nutritive value of corn can be improved by NSP-degrading enzymes. These findings also indicate that when using corn as a base feed ingredient in enzyme research to target various other dietary components, some beneficial effects of enzyme addition could originate from corn in situations in which the enzyme supplements contain activities toward corn NSP. It could be concluded from this study that the use of a multicarbohydrase preparation can improve nutrient utilization and growth performance of broiler chickens fed corn-SBM diets.
Omega-3 Fatty Acids, Flaxseed, and Enzyme Technology
The use of flaxseed in laying hen diets to produce eggs enriched with n-3 has become a common practice in the table egg industry (Gonzalez-Esquerra and Leeson, 2001) . Flaxseed is high in n-3 unsaturated fatty acids (48-58% of the oil), including linolenic acid (C 18:3n3 ), which can serve as a precursor for the synthesis of eicosapentaenoic acid (EPA; C 20:5n3 ) and docosahexaenoic acid (DHA; C 22:6n3 ) through the desaturation-chain elongation pathway within the liver (Scheideler, 2003) . Both eicosapentaenoic acid and docosahexaenoic acid can then be deposited in egg or meat products with a subsequent potentially positive effect on human health. However, reduced energy utilization Table 12 . Effect of multicarbohydrase supplementation on apparent total tract nonstarch polysaccharide (NSP) and starch digestibilities, ileal starch and protein digestibilities, and AME n content in broiler chickens fed corn and corn-soybean meal (SBM) diets 1 Supplied per kilogram of diet: 300 U of cellulase, 600 U of pectinase, 40 U of mannanase, 20 U of galactanase, 600 U of xylanase, 100 U of glucanase, 6,000 U of amylase, and 600 U of protease.
2 Means of 5 pooled samples of 4 birds each. Table 13 . Effect of multicarbohydrase enzyme on nonstarch polysaccharide (NSP) hydrolysis in vitro, NSP and fat digestibilities, and TME n content of full-fat, hammer-milled flaxseed when fed to adult roosters (TME assay; Slominski et al., 2006) and depressed growth and feed efficiency have been observed when incorporating ground flaxseed into poultry diets. The less-than-optimum energy utilization may be a result of limited oil availability because in conventionally ground flaxseed, a substantial amount of oil is encapsulated by cell wall NSP. In addition, storage of ground flaxseed is not recommended because it can lead to oxidation of oil and has been associated with fire and safety hazards. As a result, feed pelleting along with enzyme supplementation has become an attractive dietary manipulation for effective omega-3 fatty acids deposition in poultry products.
Studies carried out in our laboratory have demonstrated that carbohydrase with appropriate cell walldegrading activity could be effective in depolymerizing cell wall NSP of flaxseed and in facilitating energy (oil) utilization from full-fat flax (Slominski et al., 2006) . As illustrated in Table 13 , NSP degradation averaged 37.6% when a sample of flaxseed was incubated in vitro with a combination of pectinase, cellulose, xylanase, mannanase, glucanase, and galactanase activities. The effect of the same enzyme combination on energy utilization was also investigated in a TME n assay with adult roosters. When compared with the sample not supplemented with enzyme, an increase in TME n content of flaxseed with enzyme supplementation was evident. This was followed by the same pattern of increased fat and NSP digestibilities. Similar data were collected in a laying hen study (Table 14) , whereby enzyme supplementation had positive effects on egg production, feed utilization, egg shell quality, and improved omega-3 fatty acid deposition in eggs (Jia et al., 2008) .
CONCLUSIONS
Phytase Efficacy
Given the scale of resources that have been applied to phytase research over the past several years, the degree of success in terms of liberation of P from PA and improvement in P retention is disappointing. From the studies reviewed it appears that several causes can be identified that may contribute to this reduced efficacy, including insufficient enzyme distribution within the feed matrix, feed processing practices such as excessive pellet temperatures that reduce enzyme activity, overconservative ingredient and dietary P specifications, and inaccessibility of PA to phytase within the intestine. In light of these findings and the new data showing additive effects of phytase and various carbohydrases, it seems pertinent that we rethink how phytase is incorporated into commercial feeding programs if optimal economic returns are to be realized.
NSP Enzymes
In parts of the world where cereal ingredients predominate poultry diets, NSP enzymes have been successfully applied in poultry programs. However, when these same enzyme activities are applied to corn-SBMbased diets, less-than-optimum performance responses have been noted. When the constituent NSP in corn and SBM are analyzed it becomes clear that an extensive blend of carbohydrases must be supplemented if any performance response is to be achieved. This is likely why minimal performance improvements have been reported in corn-SBM-based poultry diets supplemented solely with xylanase and β-glucanase or a combination of xylanase, amylase, and protease. Rather, a complex blend of multiple carbohydrases is required to depolymerize the NSP present in the diet to ultimately lead to predictable improvements in BW gain, FCR, and nutrient digestibilities. Thus, to achieve viable and consistent economic returns in commercial poultry feeding programs, the correct blend of multiple carbohydrases, including cellulases, pectinases, xylanases, glucanases, mannanases, and galactanases must be applied.
The same strategy of developing enzyme supplements for corn-SBM-diets based on identification of indigestible components holds true as new feed ingredients become more prevalent in poultry diets. As the market for value-added poultry products has grown, so too has the use of flaxseed in poultry diets as the preferred source of energy and n-3 fatty acids. Again, the presence of high levels of indigestible NSP has limited the use of flaxseed in poultry diets. However, once these nutritional obstacles are removed by applying the correct blend of dietary enzymes, the feeding value of flaxseed, and thus overall profitability, is improved significantly. Table 14 . Effect of multicarbohydrase supplementation on egg production parameters and egg fatty acids composition in laying hens fed flaxseed-containing diets (Jia et al., 2008) Means within a column with no common superscript differ significantly (P < 0.05). 1 Includes C18:3n3 (α-linolenic acid), C18:4n3, C20:3n3, C20:4n3, C20:5n3 (eicosapentaenoic acid; EPA), C22:5n3 (docosapentaenoic acid), and C22:6n3 (docosahexaenoic acid, DHA).
2 Enzyme preparation Superzyme OM (Canadian Bio-Systerms Inc., Calgary, Alberta, Canada) supplied per kilogram of diet: 1,500 U of cellulase, 1,100 U of pectinase, 400 U of mannanase, 50 U of galactanase, 1,000 U of xylanase, 600 U of glucanase, 2,500 U of amylase, and 200 U of protease.
